Protein translation initiation mechanism and apparatus in the three domains of life viz. bacteria, archaea and eukarya has diverged significantly over time. This process has evolved from being a simple process in bacteria to a very complex one in eukaryotes. Bacteria harbour only three translation initiation factors namely IF1, IF2 and IF3; each of them performing the crucial functions of preventing the premature binding of elongator tRNA to A site, promoting the binding of fMet-tRNA f Met to the P site and controlling the precision of codon-anticodon recognition respectively [1-4] On the other hand, eukaryotes utilize almost a dozen of translation initiation factors to execute the various steps of protein biosynthesis. In eukaryotes, the process commences with the binding of the ternary complex (TC) composed of eIF2, GTP and initiator methionyl-tRNA (eIF2•GTP•Met-tRNAi Met ) to the 40S small ribosomal subunit along with several other factors such as eukaryotic translation initiation factor 1 (eIF1), eIF1A, eIF3 and eIF5 giving rise to the formation of 43S preinitiation complex (PIC). The 43S PIC, which is then loaded onto mRNA with the aid of eIF4F complex and eIF3, scans along the mRNA from the 5 0 end to the 3 0 end until the recognition of a start codon [5] .
During the start codon selection, the protein eIF1 (referred to as SUI1 in yeast) plays a central role by discriminating against non-AUG codons or AUG codons that have nonoptimal context and also by promoting the dissociation of aberrantly assembled ribosomal complexes [6, 7] . While executing its function, eIF1 is placed close to the P site of the 40S small ribosomal subunit which in turn stabilizes a 'scanning competent' form obligatory for loading of the TC (eIF2•GTP•Met-tRNAi Met ) during the scanning process [8] . In the P site, eIF1 interacts with 18S rRNA through the basic residues present in the b 1 -b 2 hairpin loop and helix a 1 . These interactions are considered to be pivotal for the functioning of eIF1 [8] [9] [10] [11] [12] . Until the recognition of an optimal start codon, the b 1 -b 2 basic Abbreviations aIF1, archaeal translation initiation factor 1; ASL, acceptor stem loop; eIF1, eukaryotic translation initiation factor 1; ORF, open reading frame; PIC, preinitiation complex; rmsd, root mean square deviation; SD, Shine-Dalgarno; TC, ternary complex.
loop hinders the binding of the Met-tRNA i Met at the P site by clashing with its acceptor stem loop (ASL) [11] . This hindrance can only be overcome by the energy provided by correct start codon-anticodon base pairing which also promotes the dissociation of eIF1 [13] . Another loop comprising mostly of acidic residues remains in close proximity to the D-stem loop of MettRNA i Met prior to the start codon recognition. Once the first AUG codon is encountered, the acidic loop is brought to a close contact with negatively charged phosphate backbone of Met-tRNA i Met resulting in an electrostatic repulsion eventually leading to the eIF1 dissociation [11, 14] .
Among a few other translation initiation factors, eIF1 is considered to be universally conserved in all the three domains of life; however, the homologue of eIF1, known as YciH, is not present in all bacteria [15] . Furthermore, recent studies have revealed that instead of functioning as a translation initiation factor, YciH acts as an inhibitor of translation initiation during stress conditions by binding firmly to the P site with the aid of a longer b 1 -b 2 basic loop [16] . The fidelity of translation initiation in bacteria is alternatively established by the initiation factor IF3; which, however, lacks sequence or structural homology with the protein eIF1 [17] .
Unlike bacteria, archaea possess a relatively higher number of translation initiation factors; most of which are homologous to eukaryotic initiation factors [18, 19] . The only factors evidently absent in archaea include eIF3, eIF4F and eIF5 [20] . Among others, archaea possess an open reading frame (ORF) encoding archaeal translation initiation factor 1 (aIF1). The protein aIF1 has been shown to share a similar topographical localization as of eIF1 by binding to a position adjacent to the P site of 30S small ribosomal subunit [21] . Furthermore, similar to the functions established by eIF1, aIF1 also aids in the binding of aIF2 to the ribosome as well as retains the ability to discriminate against noncanonical start codons [22] . Thus, aIF1 can be considered to be functionally similar to eIF1 [23] . However, the structural analogy between aIF1 and eIF1 has yet to be comprehended.
In this study, the three-dimensional crystal structure of the protein PH1771.1 (containing 99 amino acid residues), a homologue of eIF1, from Pyrococcus horikoshii OT3 has been reported at 1.5 A resolution. A detailed structural comparison has been made between aIF1 and its eukaryal (eIF1) as well as bacterial (YciH) counterparts to obtain the minute yet noteworthy differences that might evoke a slightly divergent mode of action of aIF1 during the process of translation initiation.
Materials and methods

Construction, expression and purification
The gene fragment encoding the initiation factor aIF1 was amplified from the genome of P. horikoshii OT3 using the forward primer 5 0 -GCCGCATATGCACCATCATCAT-CACCACATGGTGCCTAGGATAG-3 0 containing NdeI restriction site (bold) followed by a 6xHis-tag (underlined) and a reverse primer, 5 0 -GCGCTCGAGTTACTC-TACCTCTATGAGCTCCTCTG-3 0 containing XhoI restriction site (bold). The amplified gene was inserted into the plasmid pET-22b(+) excised with the same restriction enzymes. The recombinant plasmid construct was introduced into Rosetta (DE3) Escherichia coli competent cells. The transformed E. coli cells were grown at 37°C in Luria-Bertani media supplemented with 100 lgÁmL À1 ampicillin and 34 lgÁmL À1 chloramphenicol to a cell density corresponding to absorbance of 0.6 at 600 nm. Protein expression was induced by the addition of 1 mM IPTG and the culture was further grown for 5 h at 37°C. The cells were harvested by centrifugation and resuspended in lysis buffer composed of 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM imidazole, 1 mM PMSF, 3 mM b-mercaptoethanol (b-ME) and 0.2 mgÁmL À1 lysozyme. The cells were incubated in ice for 1 h and then disrupted using sonicator. The cell lysate was incubated at 90°C for 13 min to remove the thermolabile proteins deriving from the host cells. The insoluble debris were removed by centrifugation at 18 514 g for 40 min at 4°C. The supernatant fraction was applied to Ni-nitrilotriacetic acid affinity column pre-equilibrated with binding buffer A (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM imidazole, 1 mM PMSF and 3 mM b-ME) and incubated for 2 h. The column was washed with five column volume of each of wash buffer B (20 mM TrisHCl pH 8.0, 150 mM NaCl, 10 mM imidazole, 1 mM PMSF and 3 mM b-ME) and wash buffer C (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole, 1 mM PMSF and 3 mM b-ME). The proteins were eluted with 250 mM imidazole in 20 mM Tris-HCl pH 8.0, 150 mM KCl and 1 mM PMSF. The eluted fractions were collected and step-wise dialysis was performed against 20 mM Tris-HCl pH 8.0 and 150 mM NaCl to remove imidazole. The dialysed proteins were concentrated using Amicon Ultra centrifugal filter unit (Millipore, Burlington, MA, USA) with a molecular weight cut-off of 3 kDa.
Crystallization, X-ray intensity data collection and data processing
An initial screening of the purified aIF1 protein was performed using microbatch-under-oil technique by mixing 2 lL of protein and 2 lL of crystallization buffers available in Crystal Screen, Crystal Screen 2 and poly(ethylene glycol)/Ion kits from Hampton research at 4 and 20°C
temperatures. Diffraction quality crystals of aIF1 were obtained in 0.2 M Lithium nitrate and 20% poly(ethylene glycol) 3350 at 20°C. X-ray intensity diffraction data was collected at À173°C using the home source Rigaku MicroMax-007 HF diffractometer (operated at 40 kV and 30 mA) and R-Axis IV++ imaging-plate detector available at the Central Instrument Facility (CIF) of Indian Institute of Technology Guwahati, India. The crystal to detector distance was maintained at 80 mm. The crystals diffracted to a resolution of 1.5 A. The diffraction data were processed and scaled using the programs iMosflm [24] and Aimless [25] , respectively, embedded in the CCP4 package [26] . The intensities were converted to structure factors using the program CTRUNCATE available in CCP4 package. Details of the diffraction data collection and processing statistics are given in Table 1 .
Structure solution and model building
The structure of aIF1 from P. horikoshii OT3 was solved by molecular replacement method using the program Phaser [27] . The three-dimensional atomic coordinates of aIF1 from Methanocaldococcus jannaschii (PDB id: 4MO0) was used as the search model (sequence identity: 48%). A total of 5% of the reflections were set aside for the calculation of R free [28] . All the residues were first built using the program Coot [29] . Subsequently, water molecules were located and added from the difference electron density maps. All refinements were carried out using the program Refmac5 [30] embedded in the program CCP4. The programs PROCHECK [31] and MolProbity [32] were used to check and validate the quality of the refined models. The three-dimensional atomic coordinates and the structure factors of the structure have been deposited in the RCSB Protein Data Bank [33] with a PDB id 5ZCY. The refinement statistics and other details of the refined models are provided in Table 1 .
Sequence and structure analysis
The amino acid sequences of proteins used in this study were downloaded from UniProtKB database [34] . The homology searches were performed using the web tool BLAST [35] . The sequence-based phylogenetic tree was constructed by neighbour-joining method and the reliability of the tree was evaluated by bootstrapping using the program MEGA7 [36] . For the structure-based phylogenetic tree, a distance matrix was generated for all the proteins by calculating their rmsd in PyMOL. Subsequently, a dendrogram was generated in Newick file format from the distance matrix using the program dendroUPGMA [37] . The phylogenetic tree was generated using the Newick file in the program MEGA7 [36] . The structure-based sequence alignment was performed using the program PROMALS3D [38] and the aligned sequences were further decorated using the online tool ESPript [39] . The electrostatic charge distribution of each protein was generated using the APBS plugin of the molecular visualization tool PyMOL [40] . All the figures were generated using the program PyMOL.
Results
aIF1 shares a common ancestor with eIF1 and YciH
Archaeal translation initiation factor 1 shares sequence similarity with eIF1 from lower (Saccharomyces cerevisiae) and as well as higher (Homo sapiens) eukaryotes with query coverage, similarity and identity found to 
, where I(hkl ) is the inten sity of reflection hkl, ∑hkl is the sum overall reflections and ∑ i is the sum over i measurements of reflection hkl.
be 76%, 54% and 30%, and 71%, 56% and 33% respectively. Likewise, aIF1 also shares sequence similarity with bacterial YciH protein from E. coli with query coverage, similarity and identity of 70%, 58% and 42% respectively. On the other hand, no sequence similarity could be obtained between aIF1 and IF3. A sequence-based rooted phylogeny tree including amino acid sequences of aIF1 proteins from archaea, eIF1 from eukaryotes and YciH & IF3 from bacteria was built to understand their evolutionary relationship. Since IF3 lacked complete sequence similarity with the remaining group of proteins, it served as an outgroup during the tree building. In the phylogenetic tree, aIF1, eIF1 and YciH form three distinct clades originating from a common ancestor. The phylogram also depicts that aIF1, in comparison to eIF1 and YciH, has undergone the least amount of changes during the course of evolution and thus is closest to the ancestral protein ( Fig. 1 ).
Tertiary structure of aIF1 is similar to eIF1
The three-dimensional structure of the monomeric aIF1 from P. horikoshii OT3 was solved by molecular replacement method using the atomic coordinates of aIF1 from M. jannaschii (PDB id: 4MO0). The protein aIF1 contains an a + b structure and is composed of a five-stranded antiparallel b-sheet (b 1 -b 5 ) with two ahelices (a 1 and a 2 ) located on same side of the b-sheet ( Fig. 2A) . The four stranded b-sheets connected by flexible loops forms a 'RNA-binding platform' similar to other RNA-binding proteins. The N-terminal residues (1-16) of the protein, however, are unstructured which is evident from the lack of electron density corresponding to these amino acid residues. Structural homology search using the web server DALI reveals its closest homologues to be aIF1 from M. jannaschii (PDB id: 4MO0, Z-score: 14.3, rmsd: 1.8 A) and Pyrococcus abyssi (PDB id: 5JB3, Z-score: 13.6, rmsd: 1.1 A) followed by eIF1 from Tetrahymena thermophila (PDB id: 4V5O, Z-score: 12.6, rmsd: 2.2 A), Lachancea kluyveri (PDB id: 4UER, Z-score: 12.2, rmsd: 1.6 A), S. cerevisiae (PDB id: 3J80, Z-score: 11.8, rmsd: 1.8 A) and H. sapiens (PDB id: 4KZY, Z-score: 10.3, rmsd: 1.8 A) and YciH from E. coli (PDB id: 1D1R, Z-score: 8.3, rmsd: 3.0 A). Similar to eIF1 and YciH, aIF1 also attains an overall core topology of bbabbab. Nonetheless, there are certain striking differences in the structure of the three proteins. The two major differences lie in the loop structure connecting the two pairs of antiparallel bstrands. The loop, L 1 connecting b 1 and b 2 in aIF1 is equivalent to the corresponding basic loop in eIF1 while considerably shorter than that of YciH. Another notable difference lies in the acidic hairpin loop connecting the second pair of b-strands. Although functionally crucial in eIF1, this acidic loop is completely absent in aIF1 (Fig. 2B) .
Owing to the fact that these three structurally similar proteins share low sequence similarity among themselves, a structure-based phylogeny tree was generated. The functionally analogous bacterial translation initiation factor IF3, which lacks sequence and structural similarity with aIF1, eIF1 and YciH was used as an outgroup. In the structure-based rooted phylogeny tree, aIF1 clusters with eIF1 from lower eukaryotes indicating its structural closeness to eIF1. The phylogeny tree further indicates that aIF1, eIF1 and YciH have evolved from an ancestral protein having a common core structure (Fig. 2C) .
aIF1 contains fewer residues in the basic loop and completely lacks the acidic loop
In spite of possessing a significant structural similarity, aIF1 and eIF1 share a low sequence similarity. Thus, to figure out the differences at the functionally important sites, a structure-based sequence alignment was performed. Of the six basic residues, which are crucial for the functioning of eIF1 and for interacting with 18S rRNA, the protein aIF1 possesses only three residues viz. Lys37 in the loop L 1 and Lys56 and Lys59 in the helix a 1 (numbering according to eIF1 from S. cerevisiae, SceIF1). Notably, the amino acid residues Lys37 and Lys59 reported to be critical for eIF1 interaction to 18S rRNA are conserved in aIF1 as well. However, the remaining three basic amino acid residues Arg33, Arg36 and Lys60 of eIF1 from S. cerevisiae are replaced by Ala31, Gly34 and Ala58, respectively, in aIF1. On the other hand, the three amino acid residues, Asp71, Glu73 and Glu76 making up the acidic loop in eIF1 are absolutely absent in aIF1 (Fig. 3 ).
aIF1 and eIF1 has similar charge distribution except at the solvent-accessible region
The electrostatic charge distribution of aIF1 from P. horikoshii along with eIF1 from S. cerevisiae (PDB id: 3J80) was calculated to identify the differences in the surface charge of the functionally important areas. As anticipated, the regions of eIF1 from S. cerevisiae which are involved in interacting with 18S rRNA and in close proximity to tRNA are positively charged. These positively charged regions, thus, provide a platform for the binding of the negatively charged phosphate backbone of the RNA molecules. Similarly, the corresponding regions in aIF1 are also observed to be positively charged indicating that aIF1 would also interact with rRNA and tRNA by means of the same binding surface (Fig. 4) . On the other hand, the solvent-exposed surface of aIF1, which is not involved in interaction either with rRNA or tRNA, is highly negatively charged. Quite interestingly, the corresponding region in eIF1 from S. cerevisiae is completely positively charged (Fig. 4) . 
Discussion
The fact that aIF1 is functionally analogous to eIF1 has been well established [22, 23] . A recently solved cryo-EM structure of an archaeal 30S initiation complex with aIF1 bound in a manner similar to eIF1 in 40S initiation complex further accentuates the fact [21] . In P. horikoshii OT3, an ORF PH1771.1, encoding aIF1, has been annotated to be a homologue of eIF1 (also known as SUI1 in yeast) protein. Although functionally homologous, aIF1 and eIF1 does not display very high sequence similarity. Moreover, aIF1 also displays an equivalent sequence similarity with bacterial protein, YciH. The resemblance among aIF1, eIF1 and YciH might be due to the fact that each of these proteins has evolved from a common ancestor. Thus, over the years, these proteins might have evolved further to perform 'domain-specific' functions.
The elucidation of the three-dimensional crystal structure of aIF1 aided in implementing a structural comparison with eIF1 as well as YciH. Although, aIF1 shares equivalent sequence similarity with both eIF1 and YciH, more structural homology could be perceived between aIF1 and eIF1. In addition, a structure-based phylogenetic analysis demonstrates that the structure of aIF1 is structurally more related to eIF1 than to YciH. This can be anticipated as archaeal and eukaryotic translation initiation apparatus are usually deemed to be homologous [15, 19, 20, 41] .
The proteins aIF1, eIF1 and YciH share an overall similar topology owing to the fact that all of them have evolved from a common ancestral protein. However, prominent differences exist at the functionally relevant loop regions connecting the antiparallel b-strands. Unlike YciH, aIF1 contains a short b 1 -b 2 loop similar to eIF1, although with fewer conserved basic residues. Even though aIF1 does not possess all the three basic residues present in the b 1 -b 2 loop of eIF1, the residue Lys37, which makes the most critical interaction with 18S rRNA, is well conserved. Besides the basic residues in b 1 -b 2 loop, three basic residues Lys56, Lys59 and Lys60 in helix a 1 makes critical contact with the 18S rRNA [8] . Of these three residues, Lys56 and Lys59 (which makes an important contact between eIF1 and 40S small ribosomal subunit) are well conserved in the protein aIF1. On the other hand, Arg33 and Arg36 in b 1 -b 2 loop and Lys60 in helix a 1 are replaced by either alanine or glycine. Substitution of these residues to alanine or glycine is known to confer slow growth (Slg À ) and/or suppressor of initiation codon mutation (Sui À ) phenotypes. None of the substitutions are capable of completely shutting down the translation initiation process and could be mitigated by overexpressing the eIF1 mutant proteins [8] . It implies that aIF1 possesses only those residues essential for anchoring of aIF1 to the 30S small ribosomal subunit. Those substitutions which lead to an increased initiation rate at non-AUG codons might be counteracted by the Shine-Dalgarno (SD) sequence or 'cryptic' SD sequences present in mRNA of archaea which would promote recognition of correct start codon [18, 20, 42, 43] . The acidic loop plays a pivotal role in the dissociation of eIF1 from the 40S small ribosomal subunit by creating repulsive forces between the loop and the D-stem loop of Met-tRNA i Met [44] . Complete absence of the acidic loop in aIF1 hints towards the lack of this repulsive force that would aid in its dissociation from 30S small ribosomal subunit. This might be the reason for the presence of a fewer conserved basic residues in helix a 1 and b 1 -b 2 loop which would result in a weaker interaction between aIF1 and 30S ribosomal subunit, thus eliciting the requirement of an acidic loop.
Similar to eIF1, the regions of aIF1 involved in interaction with the rRNA as well as the region which remains in close proximity to tRNA are positively charged. The presence of positively charged residues in the corresponding region of aIF1 confirms that it would bind to 30S small ribosomal subunit in a manner similar to that of eIF1 [21] . Binding of aIF1 to the P site of 30S small ribosomal subunit would inhibit the interaction between the large and small subunits of ribosome. Furthermore, the negatively charged solvent-accessible region of aIF1 might further repel the negatively charged phosphate backbone of 23S rRNA of 50S large ribosomal subunit. Since, archaea lacks a homologue of the ribosome antiassociation factor eIF3 [10], the initiation factor aIF1 might itself inhibit the premature association of the ribosomal subunits. From this study, it can be concluded that aIF1 is structurally homologous to eIF1. A thorough structural comparison with eIF1 has led towards the identification of structural features distinct from eIF1 which allows aIF1 protein to function slightly differently from eIF1 as well as compensate for the lack of an eIF3 homologue in archaea. Thus, aIFs might possess unique structural attributes that permit the accomplishment of a 'eukaryote-like' translation initiation process in a prokaryotic cell.
